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An Automated External Defibrillator (AED) for delivering 
therapeutic electrical energy to a patient's heart comprising 
at least one variable capacitance capacitor having a large 
positive Voltage coefficient Such that a given amount of 
energy can be stored at a lower Voltage than a traditional 
fixed capacitor having an equivalent capacitance. Due to the 
variable capacitance capacitors ability to store energy at a 
lower voltage, initial defibrillation current levels are reduced 
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METHOD AND APPARATUS FOR VARIABLE 
CAPACITANCE DEFIBRILLATION 

BACKGROUND OF THE INVENTION 

0001) 
0002 The present invention is directed to methods and 
apparatus for defibrillation of a patient’s cardiac cell mem 
brane. More specifically, the methods and apparatus of the 
present invention are directed to the delivery of shocking 
defibrillation waveforms using at least one variable capaci 
tance capacitor having a large positive Voltage coefficient 
Such that energy can be stored at a lower Voltage as 
compared to a traditional fixed capacitance capacitor with an 
equivalent capacitance. 
0003 2. Description of the Related Art 
0004 Cardiac arrhythmias, such as ventricular fibrilla 
tion and Ventricular tachycardia, are electrical malfunctions 
of the heart, in which regular electrical impulses in the heart 
are replaced by irregular, rapid impulses. These irregular, 
rapid impulses can cause the heart to stop normal contrac 
tions, thereby interrupting blood flow therethrough. Such an 
interruption in blood flow can cause organ damage or even 
death. 

1. Field of the Invention 

0005 Normal heart contractions, and thus normal blood 
flow, can be restored to a patient through application of 
electric shock. This procedure, which is called defibrillation, 
has proven highly effective at treating patients with cardiac 
arrhythmias, provided that it is administered within minutes 
of the arrhythmia. To deliver this electric shock, defibrilla 
tors, either implantable or portable, have been developed 
with the intent of quickly delivering life saving treatment. 
0006 Portable automatic external defibrillators (herein 
after “AEDs) are often used in facilities drawing large 
crowds of people such as shopping malls, sporting arenas, 
office buildings and the like. An AED is typically used by 
trained emergency medical system personnel, though AEDs 
typically include step-by-step instructions combined with 
various sensors that make them usable by almost anyone in 
an emergency situation. 
0007. A typical AED comprises various electrical and 
electronic components including a controller, a battery cir 
cuit, a detector circuit and a discharge circuit. Generally, the 
discharge circuit includes at least one capacitor for storing 
energy from the battery circuit and Subsequently discharging 
that energy in the form of defibrillation waveform when 
requested by the controller. Unfortunately, the capacitors 
traditionally used in AED’s may discharge at initial current 
levels sufficient enough to cause tissue damage. Further 
more, these traditional capacitors Suffer a exponentially 
steep decline in the level of the defibrillation current as the 
capacitor discharges. 

SUMMARY OF THE INVENTION 

0008. The present invention addresses the aforemen 
tioned drawbacks associated with the capacitor technology 
presently utilized in AEDs. For example, according to one 
aspect, the present invention includes at least one variable 
capacitance capacitor having a large positive Voltage coef 
ficient, i.e., a capacitor whose capacitance drastically 
increases with the amount of charge it contains. The at least 
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one variable capacitance capacitor can store a given amount 
of energy at a much lower Voltage than traditional fixed 
capacitors having equivalent capacitance ratings. As such, 
the AED of the present invention allows for a much lower 
initial current during defibrillation to reduce the risk of 
tissue damage. Furthermore, the AED of the present inven 
tion is better able to maintain the current level of the 
defibrillation charge throughout the AED discharge 
sequence. Finally, the lower initial current allows the use of 
electrical components having lower ratings and capacities to 
reduce assembly and manufacturing costs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0009 FIG. 1a is a perspective view of an automated 
external defibrillator in a storage disposition. 
0010 FIG. 1b is a perspective view of the automated 
external defibrillator of FIG. 1 in an operable disposition. 

0011 FIG. 2 is a biphasic defibrillation model of the 
present invention. 

0012 FIG. 2a depicts a basic defibrillation circuit. 
0013 FIG. 2b depicts a basic defibrillation circuit for 
generating a monophasic waveform. 

0014 FIG. 2c depicts a basic defibrillation circuit for 
generating a biphasic waveform. 

0.015 FIG. 3 depicts a comparison of Voltage versus 
Time for a defibrillator comprising a traditional fixed capac 
ity capacitor and a defibrillator comprising a variable capaci 
tance capacitor. 

0016 FIG. 4 depicts a comparison of Power versus Time 
for a defibrillator comprising a traditional fixed capacity 
capacitor and a defibrillator comprising a variable capaci 
tance capacitor. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0017. The present invention is directed to a defibrillation 
system for use in treating patients who have Suffered from 
cardiac arrhythmias. As depicted in FIG. 1a, an automated 
external defibrillator (AED) 100 comprises a plastic case 
102 having a carrying handle 104. As is more clearly 
illustrated in FIG. 1b, plastic case 102 further comprises a lid 
106 selectively covering an electrode compartment 108. 
Electrode component 108 comprises an electrode connector 
110, a speaker 112 and a diagnostic panel (not shown). A pair 
of electrodes 114 adapted for attachment to a patient are 
connected to electrode connector 110. Electrodes 114 are 
typically stored within electrode compartment 108 and may 
be preconnected to electrode connector 110 during storage 
of the AED 100. 

0018. The operation of AED 100 is described briefly 
below. A rescue mode of AED 100 is initiated when lid 106 
is opened to access electrodes 114 as depicted in FIG. 2. The 
opening of lid 106 is detected by AED 100 to effectively turn 
on the device. Once turned on, AED 100 performs a short 
test routine. A user applies electrodes 114 to the patient such 
that AED 100 can measure patient specific parameters, such 
as impedance, Voltage, current, charge or other measurable 
parameters of the patient. The patient specific parameters are 
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then utilized to design and administer optimal waveform, 
either monophasic or biphasic, as described below. 
0019. If the AED 100 detects a shockable condition, the 
AED initiates the charging of a plurality of self-contained 
capacitors using a self-contained energy source, typically a 
detachable battery pack. The AED 100 then uses the patient 
specific parameters to calculate an optimal waveform for 
discharge to the patient. The energy stored within the 
plurality of capacitors is then discharged through the elec 
trodes 114 to defibrillate the heart. For more detail with 
respect to the physical structure of AED 100 or the process 
of AED testing, sensing patient specific parameters, deter 
mining shockable conditions, charging capacitors and dis 
charging waveforms, reference is made to Applicants 
issued U.S. Pat. No. 5,645,571, which is commonly assigned 
to the assignee of the present invention and is hereby 
incorporated by reference in its entirety. 
0020. In a simplest form, a defibrillation circuit for AED 
100 can be depicted as shown in FIG. 2a where C, 
represents a capacitor, Vs represents the Voltage between the 
electrodes R represents the resistance of the heart. Further 
variations on the defibrillation circuit for AED 100 are 
shown in FIG. 2b representing a monophasic waveform 
circuit, and FIG. 2C depicting a biphasic waveform circuit. 
Within FIGS. 2b and 2c, C and R represent membrane 
series capacitance and resistance of a single cell, VM rep 
resents the Voltage across the cell membrane and C and C. 
refer to a first and second capacitors, or capacitor banks, 
respectively. In its simplest form, electrodes 114 communi 
cate patient specific parameters to the AED 100 such that the 
patient resistance can be determined. Based on this resis 
tance, the AED 100 discharges the capacitors to generate and 
deliver the shocking waveform, in either a monophasic or 
biphasic form. For more detail with respect to determining 
patient resistance and optimizing a shocking waveform, 
reference is made to Applicants issued U.S. Pat. No. 
6,411,846, which is commonly assigned to the assignee of 
the present invention and is hereby incorporated by refer 
ence in its entirety. 
0021 With respect to the present invention, the capaci 
tors depicted within FIGS. 2a, 2b and 2c are variable 
capacitance capacitors. Generally, these variable capaci 
tance capacitors each have a large positive Voltage coeffi 
cient. The large positive Voltage coefficient causes the 
capacitance of these variable capacitance capacitors to 
increase with a corresponding increase in the amount of 
charge being stored. A representative variable capacitance 
capacitor is the Pulse Power line of multilayer ceramic chip 
capacitors manufactured by Novacap. 
0022. The use of variable capacitance capacitors within 
the defibrillation circuits of FIGS. 2a, 2b and 2c has two 
significant advantages over the fixed capacitance capacitors 
presently used in defibrillation circuits. First, by storing 
energy at a lower Voltage, the defibrillation circuit can 
deliver an initial defibrillation current at a current level 
lower than prior art designs such that the risk of tissue 
damage from said current is reduced. Secondly, the level of 
the defibrillation current is maintained avoiding the expo 
nential decay in current level experienced by prior art 
designs. 
0023. With respect to the discharge characteristics of the 
variable capacitance capacitors, the characteristics are rep 
resented by the equation: 
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where V is the capacitor Voltage, Q is the charge amount and 
C is the capacitance. From this equation, it will be obvious 
that as capacitance decreases with the charge amount, the 
capacitor voltage is “lifted' such that it is prevented from 
decaying at an exponential rate. As the capacitor Voltage is 
related to the defibrillation current by the equation: 

IZ Eq. 2 

where V is the capacitor voltage, I is the defibrillation 
current and Z is the patient impedance, the defibrillation 
current follows the same behavior as the capacitor Voltage, 
i.e., it is “lifted such that it is prevented from decaying at 
an exponential rate, since the patient impedance remains 
essentially constant throughout the defibrillation discharge. 
0024. In practice, the benefits of the present invention are 
easily observable by comparing the defibrillation character 
istics of a biphasic waveform generated using a traditional 
fixed capacitor rated for 200 uF at O volts with a biphasic 
waveform generated using a variable capacitance capacitor 
rated at 100 uF. For purposes of comparison, the patient 
impedance is assumed constant, i.e., 50. Using the afore 
mentioned equations, data is generated for both traditional 
fixed capacitors as well as variable capacitance capacitors. 
Using this data, a graph of Voltage versus time is illustrated 
in FIG. 3, while a graph of Power versus Time is illustrated 
in FIG. 4 to demonstrate the rate of energy transfer. The data 
used to generate FIGS. 3 and 4 is: 

Voltage 
(V) Delivery Voltage (V) Delivery 

Time Fixed Rate (J/ms) Variable Rate (J/ms) 
(ms) Capacitor Fixed Capacitor Capacitor Variable Capacitor 

O 2OOO 750 
.5 1900 39.0 692 30.1 
1O 1805 35.2 683 28.5 
1S 1715 31.8 633 27.9 
2O 1629 28.7 617 26.5 
25 1548 25.9 573 25.8 
30 1470 23.4 552 24.6 
35 1397 21.1 512 23.8 
40 1327 19.0 488 22.7 
45 1260 17.2 451 21.9 
SO 1197 15.5 412 20.8 
55 1138 14.0 378 19.7 

0025. As illustrated by the graph of FIG. 3, the biphasic 
waveform using the traditional fixed capacitor is storing 
2000 V as compared to the approximately 1750 V stored by 
the variable capacitance capacitor. Based on the aforemen 
tioned equations, generation of a biphasic waveform using 
the traditional fixed capacitor will have a higher initial 
current potentially causing tissue damage as compared to the 
variable capacitance capacitor. Furthermore, the character 
istics of the variable capacitance capacitor will result in a 
greatly reduced Voltage decay as time proceeds such that the 
effective defibrillation current can be maintained for a longer 
period. In comparison, the traditional fixed capacitor must 
have a high initial Voltage to insure that it maintains an 
effective defibrillation current level throughout the exponen 
tial decay in Voltage over time. Along these same lines, FIG. 
4 illustrates that the use of a variable capacitance capacitor 
allows energy to be transferred through the biphasic wave 
form starting at a lower initial rate and maintaining the rate 
for a longer period in comparison to waveforms generated 
using traditional fixed capacitors. 
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0026. The present invention has been described with 
respect to particular illustrative embodiments. It is to be 
understood that the invention is not limited to the above 
described embodiments and modifications thereto, and that 
various changes and modifications may be made by those of 
ordinary skill in the art without departing from the spirit and 
Scope of the appended claims. 

1. A defibrillation apparatus, wherein said defibrillation 
apparatus delivers a shocking waveform to produce a 
desired cardiac response in the cardiac cell membrane of a 
patient, the apparatus comprising: 

a pair of electrodes, wherein said pair of electrodes are 
securable to said patient; and 

an electronic circuit, wherein said electronic circuit is 
operably coupled to said pair of electrodes, wherein 
said electronic circuit includes an energy storage por 
tion that comprises at least one variable capacitance 
capacitor and wherein said electronic circuit initiates 
delivery of said shocking waveform through said pair 
of electrodes upon detection of a shockable condition 
within said cardiac cell membrane. 

2. The defibrillation apparatus of claim 1, wherein said at 
least one variable capacitance capacitor of said energy 
storage portion stores a charge at a first voltage level, and 
wherein said first voltage level is less than the voltage level 
of a comparable non-variable capacitor that stores the Sub 
stantially same charge and is capable of replacing said at 
least one variable capacitance capacitor within said energy 
storage portion. 

3. The defibrillation apparatus of claim 1, wherein the 
defibrillation apparatus is an Automated External Defibril 
lator. 

4. The defibrillation apparatus of claim 1, wherein the at 
least one variable capacitance capacitor has a large positive 
Voltage coefficient. 

5. The defibrillation apparatus of claim 1, wherein the 
shocking waveform is a biphasic waveform. 

6. The defibrillation apparatus of claim 1, wherein the 
electronic circuit further comprises an energy source 
wherein said energy source is a detachable battery pack. 

7. The defibrillation apparatus of claim 1, wherein the 
energy storage portion comprises a plurality of variable 
capacitance capacitors arranged in either a parallel or series 
orientation. 

8. The defibrillation apparatus of claim 7, wherein the 
plurality of variable capacitance capacitors define at least 
two charging banks within the energy storage portion. 

9. The defibrillation apparatus of claim 1 wherein the 
energy storage portion further comprises at least one fixed 
capacitance capacitor. 

10. A method for generating a shocking waveform for 
application to a cardiac cell membrane of a patient, the 
method comprising the steps of 

sensing at least one patient specific parameter to deter 
mine if defibrillation of said cardiac cell membrane is 
required; 

charging an energy storage portion, wherein said energy 
storage portion comprises at least one variable capaci 
tance capacitor, and 

discharging the energy storage portion in the form of a 
defibrillation waveform; and 
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delivering said defibrillation waveform to said cardiac cell 
membrane of said patient. 

11. The method of claim 10, wherein said step of charging 
an energy storage portion comprises charging said at least 
one variable capacitance capacitor to first voltage level and 
wherein said first voltage level is less than the voltage level 
of a comparable non-variable capacitor that stores Substan 
tially the same charge and is capable of replacing said at 
least one variable capacitance capacitor within said energy 
SOUC. 

12. The method of claim 10, wherein the at least one 
variable capacitance capacitor has a large positive Voltage 
coefficient. 

13. The method of claim 10, wherein the pair of electrodes 
are removably attachable to the patient. 

14. The method of claim 10, wherein the shocking wave 
form is a biphasic waveform. 

15. The method of claim 10, wherein the charging step 
further comprises charging a plurality of variable capaci 
tance capacitors with an energy source, the plurality of 
variable capacitance capacitors arranged in either a series or 
parallel orientation. 

16. The method of claim 15, wherein the plurality of 
variable capacitance capacitors define at least two distinct 
charging banks. 

17. The method of claim 15, wherein the energy source is 
a detachable battery pack. 

18. The method of claim 10, wherein the charging step 
further comprises charging at least one fixed capacitance 
capacitor. 

19. A method of sustaining a level of defibrillation current 
during the delivery of a defibrillation waveform to the 
cardiac cell membrane of a patient, the method comprising 
the steps of: 

sensing at least one patient specific parameter to deter 
mine if defibrillation of said cardiac cell membrane is 
required; 

charging an energy storage portion, wherein said energy 
storage portion comprises at least one variable capaci 
tance capacitor, and 

discharging the energy storage portion in the form of a 
defibrillation waveform, wherein upon discharging the 
energy storage portion a level of a defibrillation current 
of said energy source decays at a Substantially linear 
rate; and 

delivering said defibrillation waveform to said cardiac cell 
membrane of said patient. 

20. A method of sustaining a level of defibrillation current 
during the delivery of a defibrillation waveform to the 
cardiac cell membrane of a patient, the method comprising 
the steps of: 

sensing at least one patient specific parameter to deter 
mine if defibrillation of said cardiac cell membrane is 
required; 

charging an energy storage portion, wherein said energy 
storage portion comprises at least one variable capaci 
tance capacitor, and 

discharging the energy storage portion in the form of a 
defibrillation waveform, wherein said at least one vari 
able capacitance capacitor has an initial defibrillation 
current and wherein said initial defibrillation current is 
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less than the initial defibrillation current of a compa- delivering said defibrillation waveform to said cardiac cell 
rable non-variable capacitor capable that is capable of membrane of said patient. 
replacing said variable capacitance capacitor within 
said energy storage portion; and k . . . . 


